Rhoads JM. Changes in intestinal Toll-like receptors and cytokines precede histological injury in a rat model of necrotizing enterocolitis.
NECROTIZING ENTEROCOLITIS (NEC) is the most common gastrointestinal disease of newborn premature infants, affecting ϳ10% of very low birth weight infants. The overall mortality for NEC ranges from 10 to 50%, depending on gestational age, but approaches 100% for infants with the most severe form of the disease, characterized by bowel wall necrosis, perforation, peritonitis, bacterial invasion, and sepsis (21) . Risk factors for NEC include prematurity, formula feeding, and bacterial colonization of the gastrointestinal tract (21) . Certain bacteria identified by culture techniques appear to be associated with outbreaks (19) . Other intraluminal microflora, such as Lactobacilli and Bifidobacilli, may be beneficial in preventing NEC (5, 27) . Although recent evidence supports a susceptibility to NEC that is linked to gastrointestinal tract immaturity, the mechanisms whereby these factors promote disease are poorly defined. Understanding the defense mechanisms in the premature intestine and their contribution to NEC is therefore of great importance.
Toll-like receptors (TLRs) are pattern recognition receptors that recognize components of intraluminal bacteria (7) . TLRs are usually expressed by immune cells such as lymphocytes and phagocytes, but many studies have demonstrated their presence on or in other cells such as epithelial cells that maintain a protective barrier (4, 9) . TLRs act as sentinels for the presence of pathogens and are able to activate the innate immune system. They represent the first line of defense against mucosal pathogens by triggering the inflammatory response, while providing protective signals that allow the intestine to tolerate commensal organisms that benefit the host.
Animal models of NEC rely on the induction of pathogenetic events that are similar to those known to be associated with human NEC. One of the earliest descriptions of an animal model of NEC featured the combined treatment of formula by gavage with intermittent episodes of either cold or hypoxic stress in the preterm or early postterm period (3) . NEC induction was validated by histopathology. Several other investigators used this model and refined it (6, 14, 31) .
Previous studies of bacterial recognition by TLRs in experimental NEC demonstrated that the expression of TLR4, which recognizes the gram-negative lipopolysaccharide (LPS), is increased in the intestine during NEC (24) . TLR4-deficient C3H/HeJ mice were protected from the development of NEC (26) . Recent studies found that TLR2 mRNA were also increased together with TLR4 mRNA in NEC (25) . However, C57BL/6 TLR2-deficient mice, when studied in an intestinal ischemia model, were found to have a dysregulated mucosal innate immune response, with reduced cytokine production and increased injury score (1) . Differences in the expression of TLRs may alter a host's response to a commensal or pathogenic microorganism. TLR2 signaling, produced by treatment with Lactobacillus lactis, may provide protective signaling, for example in models of inflammatory colitis (15) .
It has been known that TLRs when activated by bacterial ligands signal intracellularly to upregulate the expression of various cytokines in the intestine, including pro-(IL-1␤, IL-6, IL-8) and anti-inflammatory cytokines (IL-10) in human and different NEC models (17) . Our present studies aimed to determine how either formula or hypoxia (or the combination thereof) affects TLR profiles, cytokine production, and evidence of NEC in a well-established experimental model.
MATERIALS AND METHODS
All the experiments were performed using newborn SpragueDawley rat pups (Harlan Laboratories, Indianapolis, IN) weighing 6 -10 g and were approved by the Animal Welfare Committee of the University of Texas Health Science Center at Houston (HSC-AWC-07-124).
Experimental design. Three-day-old Sprague-Dawley rat pups were divided randomly into four groups. 1) Dam-fed (n ϭ 17): rat pups were left with their mothers and were breast fed. 2) Dam-fed-hypoxic (n ϭ 16): dam-fed rat pups were subjected to 10 min of hypoxia (5% oxygen, 95% nitrogen) three times daily in a Modular Incubator Chamber (Billups-Rothenberg, Del Mar, CA) for 3 days. 3) Formulafed (n ϭ 15): rat pups were separated from their mothers, housed in an incubator, and gavaged with a special rodent formula 200 l 3 times daily. 4) NEC (formula-fed-hypoxic) (n ϭ 19): rat pups were formula fed followed by hypoxia. The formula consisted of 15 g Similac 60/40 (Ross Pediatrics, Columbus, OH) in 75 ml of Esbilac canine milk replacement (Pet-Ag, Hampshire, IL) (31) . The rat pups were euthanized on 72 h. To study the kinetics of changes of TLR expression and cytokine production initiated by formula feeding and hypoxia, we further repeated the same protocol for the four groups, and the rat pups were euthanized on 24 h (n ϭ 24, 6 rats/group), 48 h (n ϭ 24, 6 rats/group), 72 h (n ϭ 24, 6 rats/group), and 120 h (n ϭ 24, 6 rats/group). The incidence of NEC and severity of injury at 72 h were analyzed by addition of those six rats to each group mentioned above 72 h experiment.
Tissue harvest and NEC evaluation. Following incision of the abdomen, the small intestine was evaluated visually for typical gross signs of NEC such as intestinal distension, intestinal wall hemorrhage, or necrosis. The gastrointestinal tract was carefully removed. The last 4 cm of terminal ileum was excised. Part of ileum for each animal was immediately embedded in Tissue-Tek OCT-embedding medium (Sakura Finetek, Torrance, CA), frozen in 2-methylbutane (Sigma-Aldrich, St. Louis, MO) cooled with liquid nitrogen, and stored at Ϫ80°C until sectioned. Part of ileum for each animal was washed with cold phosphatebuffered saline, pH 7.4 (PBS) and fresh frozen immediately in liquid nitrogen for RNA and protein isolation. Part of each sample was formalin fixed, paraffin embedded, microtome sectioned at 5 m, and stained with hematoxylin and eosin for histological evaluation.
Pathological changes in intestinal architecture were evaluated via a NEC scoring system developed for use in neonatal rats (31) . Histological changes in the ileum were scored by a blinded evaluator on a scale of 0 (normal), 1 (mild, separation of the villous core, without other abnormalities), 2 (moderate, villous core separation, submucosal edema, and epithelial sloughing), and 3 (severe, denudation of epithelium with loss of villi, full-thickness necrosis, or perforation). Animals with histological scores Ն2 were defined as having developed NEC.
TLR mRNA expression by qRT-PCR. RNA was isolated from frozen tissue samples using TRIzol (Invitrogen, Carlsbad, CA), followed by On-Column DNase digestion (Qiagen, Valencia, CA) according to the manufacturer's protocols. The quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR) was performed with the rat TLR signaling pathway RT 2 profiler PCR array and SYBR Green/ROX qPCR master mix (SABiosciences, Frederick, MD). All qRT-PCR reactions were run at the Quantitative Genomics Core Laboratory (UTHSC-Houston Medical School, Houston, TX) by utilizing a 7700 Detector (Applied Biosystems, Foster City, CA). The threshold cycle (Ct) value for each well was obtained by using the instrument's software. Data analysis by the ⌬⌬Ct method was automatically performed by PCR Array Data Analysis Web Portal provided by SABiosciences. To determine the fold change in gene expression, the normalized expression of each gene of interest (GOI) in the experimental sample was divided by the normalized expression of the same GOI in the control sample. The GOIs assessed by rat TLR signaling pathway RT 2 profiler PCR array kit in this study included TLR1 (XM_223421), TLR2 (NM_198769), TLR3 (NM_198791), TLR4 (NM_019178), TLR5 (XM_223016), TLR6 (NM_207604), TLR7 (XM_228909), and TLR9 (NM_198131). Five housekeeping genes (HKG) were used: ribosomal protein, large P1 (Rplp1, NM_001007604); hypoxanthine guanine phosphoribosyl transferase (Hprt, NM_012583); ribosomal protein L13A (Rpl13a, NM_173340); lactate dehydrogenase A (Ldha, NM_017025); and ␤-actin (Actb, NM_031144). We used the average Ct value of all housekeeping genes that were not influenced by our experimental conditions for normalization with the ⌬⌬Ct method. The calculation was as follows:
control. In our study, the fold changes of transcripts of each group were compared with the changes in dam-fed control or formula-fed-hypoxic rats were compared with formula-fed rats. To monitor the quality of tested samples, the controls for genomic DNA, reverse transcription, and positive PCR were examined simultaneously. All the samples passed the tests for quality control.
TLR2 and TLR6 immunofluorescent staining. Frozen ileal tissues were sectioned (6 m) on a model CM3050 cryostat (Leica Microsystems, Deerfield, IL), mounted on Superfrost plus microscope slides (Fisher Scientific, Pittsburgh, PA), air-dried overnight, and fixed with cold acetone for 10 min. The tissues were then blocked with 1.5% goat/donkey serum followed by incubation with the primary antibodies: goat anti-TLR2 (D-17, sc-12504), rabbit anti-TLR6 (H-90, sc-30001) (Santa Cruz Biotechnology, Santa Cruz, CA) at 2 g/ml for 12 h at 4°C. The sections were then washed and incubated with donkey anti-goat-Alexa546 or goat anti-rabbit-Alexa488 Ig G (Molecular Probes, Eugene, OR) at a dilution of 1:500 for 30 min at room temperature. Sections were mounted with Prolong Gold antifade reagent with DAPI (Invitrogen, Carlsbad, CA) and the images were collected via a confocal laser scanning microscope (Zeiss LSM510).
Western immunoblot analysis. Frozen whole ileal tissues were homogenized in 0.4 ml of lysis buffer containing protease inhibitors with 20 mM Tris ⅐ HCl (pH 7.5), 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerophosphate, 1 mM Na 3VO4, 1 g/ml leupeptin, 1 g/ml aprotinin, and 1 mM PMSF. The homogenates were centrifuged at 14,000 g for 10 min at 4°C after incubation on ice for 30 min. The supernatants were removed for detection of protein concentration with Bio-Rad Dc protein assay (Bio-Rad, Hercules, CA). Proteins (50 g/lane) were immunoblotted with rabbit anti-TLR2 (Imgenex, IMG-545, 2 g/ml), rabbit anti-TLR4 (Santa Cruz, sc-30002, 2 g/ml), or rabbit anti-TLR6 (Santa Cruz, sc-30001, 2 g/ml) for 12 h at 4°C. After incubation with goat anti-rabbit IgG conjugated to horseradish peroxidase (1:5,000; Bio-Rad) for 1 h at room temperature, immunoreactive bands were visualized by chemiluminescence (ECLϩ; GE Bio-Science) on X-ray film and densitometrically analyzed with Kodak 1D image (Eastman Kodak, Rochester, NY).
Multiplex cytokine measurement. The weight for each ileal sample collected was recorded for calculation of cytokine production before the ileal tissue lysates were prepared. Each well of the 96-well plate-based assay in MSD Rat Demonstration 7 Spot (Meso Scale Discovery, Gaithersburg, MD) contained antibodies to IFN-␥, IL-1␤, TNF-␣, keratinocyte-derived chemokine/growth-related oncogene (KC/GRO, also known as cxcl1), IL-4, IL-5, and IL-13. Calibration curves were prepared with a range of 2,500 to 0.6 pg/ml. The assay was run according to the manufacturer's instructions. The results from cytokine measurements were expressed in picograms per gram of tissue.
Statistics. Statistical analysis comparing the fold changes of different mRNAs and protein band intensity between NEC and control groups was performed with one-way ANOVA using GraphPad Prism 4.0 software (GraphPad Software, San Diego, CA). Dunnett's and Tukey's multiple-comparison tests were used for comparison of multiple groups with a control group. Values are expressed as the means Ϯ SE. We considered a P Ͻ 0.05 significant.
RESULTS

NEC evaluation.
No abnormal ileal histological changes were observed in rat pups from any of the four groups (dam fed, dam fed-hypoxic, formula fed, and formula fed-hypoxic) (n ϭ 48) through the first 48 h of observation (Fig. 1, A and B) .
At 72 h, no abnormal histological changes were observed in rat pups in the dam-fed groups (with or without hypoxia) (n ϭ 45) (Fig. 1C, i and j) . Formula-fed rats (n ϭ 21) had only mild changes (score ϭ 1), manifested by ileal villi that were shorter and more vacuolated than those of dam-fed animals at 72 h (Fig. 1 , Ck and Eq). In comparison, of the rat pups given formula in combination with hypoxia (n ϭ 25), none had a normal histological grade, whereas 44% (11/25) had mild histological changes (score ϭ 1), 32% (8/25) had moderate histological changes (score ϭ 2), and 24% (6/25) had severe histological changes (score ϭ 3) (median score ϭ 2.0) (Fig. 1 , Cl and Er). No intestinal wall hemorrhage or necrosis was observed grossly. Tissues with histological scores Ն2 were designated positive for NEC. By this criterion, the incidence of NEC was 56% (14/25) at 72 h after formula feeding in combination with hypoxia. The ileal samples of rat pups with formula feeding plus hypoxia at 120 h demonstrated 0 of 6 with normal histological score: 50% (3/6) had mild (score ϭ 1), 33% (2/6) had moderate (score ϭ 2), and 16% (1/6) had severe (score ϭ 3) histological changes (Fig. 1 , Dp and Er). The incidence of NEC was thus 50% (3/6) at the 120-h time point. There was no significant difference comparing the incidence of NEC at 72 and 120 h. Formula-fed rats (6/6) had vacuolated villi without other abnormal histological changes (Fig. 1Do) . The dam-fed (n ϭ 6) and dam-fed-hypoxia (n ϭ 6) groups at 120 h had no abnormal histological changes (Fig. 1D, m and n) . The survival rate of the animals in each of these groups at any time point was 100%.
TLR transcripts in NEC. Because TLRs are important pattern recognition molecules that detect motifs of pathogens and host cellular products released during injury, we pursued transcriptional responses of TLRs in the distal ileum of NEC induced by formula feeding and hypoxia and compared them with dam-fed, dam-fed-hypoxic, and formula-fed controls. For this purpose, we examined the mRNA levels of TLR 1-7 and 9 in the intestinal tissues at 72 h feeding time by qRT-PCR (Fig. 2) . Up-or downregulation of TLR genes was evaluated according to the fold change of different groups compared with dam-fed controls. We defined a cutoff value of ϩ2-fold as indicating upregulation and Ϫ2-fold as indicating downregulation. We found selective induction of mRNA expression, with significant changes in formula-fed-hypoxic (NEC) rats compared with dam-fed rats in the following order: TLR2 (11.3 Ϯ 1.4) Ͼ TLR4 Ͼ TLR1 (P Ͻ 0.001) ϭ TLR3, TLR7, and TLR9 (P Ͻ 0.01) Ͼ TLR6 (P Ͻ 0.01). Only the level of TLR5 was downregulated in formula-fed-hypoxic (NEC) rat Intestinal segments from formula-fed rats subjected to hypoxia displayed NEC histological abnormalities (score Ն 2) (l, p, and r) after 72 h. The median score was 2.0, with the incidence of NEC 56% (14/25) at 72 h and 50% (3/6) at 120 h. pups (Ϫ4.2 Ϯ 1.8, P Ͻ 0.01). All the changes of TLRs in formula-fed-hypoxic rats were significantly different compared with either dam-fed or dam-fed-hypoxic rat ileum. The mRNA expression of TLR 1-6 in formula-fed-hypoxic rat pups was significantly different from formula-fed rat pups (for TLR1, 2, and 4, P Ͻ 0.001; for TLR3, 5, and 6, P Ͻ 0.01). Hypoxia treatment of dam-fed pups did not significantly affect TLRs. In formula-fed rat pups, no significant changes in TLR expression were observed.
We determined the kinetics of changes of TLR expression initiated by formula feeding and hypoxia. mRNA levels of TLR 1-7 and 9 in the intestinal tissues of formula-fed-hypoxic rats were compared with those of formula-fed rats at different time points (Fig. 3) . Because all TLR mRNA levels of either formula-fed or formula-fed-hypoxic rats have not shown the significant changes compared with dam-fed controls at 24 h, we compared the fold changes of the formula-fed-hypoxia to the formula-fed group at 48 and 72 h with those at 24 h, and the fold changes at 72 h with those of at 48 h. We found that formula feeding plus hypoxia induced significant changes of all TLR expression as early as 48 h (P Ͻ 0.01) and dramatically increased TLR1, TLR2, and TLR4 at 72 h (P Ͻ 0.001, compared with that at 48 h).
Expression and localization of TLR2, TLR4, and TLR6 in NEC. TLR2, TLR4, and TLR6 recognize their ligands at the cell surface and signal intracellularly after reaction to their specific ligands. However, TLR1 and TLR6 do not elicit signaling on their own; heterodimerization with TLR2 is required for TLR2-mediated responses (30) . To further investigate cell surface TLRs, we pursued protein expression level and localization of TLR2, TLR4, and TLR6 by Western blot analysis and immunohistochemistry of the ileal mucosa. Previous studies have demonstrated that TLR3 and TLR7-9 require endosomal maturation, where agonist sensing occurs intracellularly in the lumen of membrane-bound compartments. Fig. 2 . Toll-like receptor (TLR) mRNA expression levels from the ilea of rat pups with or without exposure to hypoxia and/or formula. RNA was isolated from the ileum of newborn rats subjected to different feeding and/or hypoxia treatment for 72 h. Quantitative RT-PCR analysis was performed to determine the expression of TLRs in dam-fed-hypoxic, formula-fed, or formula-fedhypoxic group compared with dam-fed control. Data are represented as means Ϯ SE from 3 independent experiments. The cutoff values of fold change compared with the dam-fed control group: Ͼ ϩ2 indicating upregulation, Ͻ Ϫ2 downregulation. Compared with dam-fed controls: *P Ͻ 0.01, **P Ͻ 0.001. Compared with formula-fed control group: #P Ͻ 0.01, ##P Ͻ 0.001. Compared with dam-fed controls, all TLR mRNA in the NEC group increased, with the exception of TLR5, which decreased. TLR1, TLR2, and TLR4 increased in NEC ileum compared with formula-fed rat ileum. Fig. 3 . Evolution of mRNA expression levels of TLRs from the ileum of formula-fed and formula-fed-hypoxic rats over 72 h. RNA was isolated from the ileum of newborn rats subjected to formula feeding alone and formula feeding in combination with hypoxia for 24, 48 and 72 h, respectively. Quantitative RT-PCR (qRT-PCR) analysis was performed to determine the expression level (fold changes) of TLRs comparing formula-fed-hypoxic rats with formula-fed rats. Data are represented as means Ϯ SE from 3 independent experiments. The cutoff values of fold change of formula-fed-hypoxic compared with the formula-fed group: Ͼ ϩ2 indicating upregulation, Ͻ Ϫ2 downregulation. Fold changes at 48 and 72 h compared with those at 24 h: *P Ͻ 0.01, **P Ͻ 0.001. Fold change at 72 h compared with those at 48 h: #P Ͻ 0.01, ##P Ͻ 0.001. All mRNA expression levels of TLRs differed significantly at 48 h, when formula-fedhypoxic rats were compared with formula-fed rats.
We found increased relative intensities of TLR2, TLR4, and TLR6 proteins in formula-fed-hypoxic (NEC) rat pups compared with the dam-fed, dam-fed-hypoxic, or formula-fed controls (P Ͻ 0.001) (Fig. 4) . In formula-fed rat pups, no statistic difference of the expression of TLR2 and TLR6 was observed in terms of relative intensities compared with dam-fed controls. Comparing dam-fed-hypoxic rat pups with dam-fed controls, no significant difference was observed with respect to TLR2, 4, or 6 levels.
Expression of TLR2 (Fig. 5A ) and TLR6 (Fig. 5B ) in rat pup intestinal tissues was observed in all dam-fed, dam-fed-hypoxic, formula-fed, and formula-fed-hypoxic animals by immunofluorescence microscopy. In dam-fed, dam-fed-hypoxic, and formula-fed rat intestinal tissues, both TLR2 and TLR6 expression stained with a stronger intensity in the crypt region, compared with in the villi (Fig. 5, a-c) . However, in the NEC ileum, strong epithelial TLR2 and TLR6 staining was observed along the entire villus-crypt axis (Fig. 5d) .
Production of cytokines associated with Th1 and Th2 responses. TLRs are activated in NEC, leading to activation of the NF-B transcription factor (25) . This activation in general results in the subsequent upregulation of proinflammatory cytokines and chemokines that is required for protective inflammatory responses but that can also be associated with autoimmune and allergic disorders.
We measured seven cytokines, including Th1 cytokines (IL-1␤, IFN-␥, KC/GRO, and TNF-␣) and Th2 cytokines (IL-4, IL-5, and IL-13) in the intestinal tissue lysates from rats in the four groups at four different time points. We found that the levels of most cytokines began to increase as early as 48 h, as seen in formula-fed and formula-fed-hypoxic (NEC) rat pups, but remained steady in dam-fed controls (P Ͻ 0.05). For the Th1 cytokines, no significant differences were observed between formula-fed-hypoxic and formula-fed groups with respect to the levels of IFN-␥, TNF-␣, and KC/GRO. However, IL-1␤ was increased to a higher level in formula-fed-hypoxic (NEC) intestine (P Ͻ 0.01) (Fig. 6A) . Hypoxia treatment of dam-fed rats did not change any measured Th1 cytokine level compared with dam-fed rats.
With respect to the Th2 cytokines, formula-fed pups, compared with dam-fed controls, exhibited levels of IL-5. IL-5 level was also increased in formula-fed-hypoxic (NEC) subjects and in dam-fed-hypoxic subjects only at 120 h. We observed no significant difference between formula-fed and formula-fed-hypoxic rat intestine, with respect to IL-5 level (Fig. 6B) .
IL-13 levels were increased after longer exposure to formula feeding (120 h) (P Ͻ 0.01) and increased after a longer exposure to formula and hypoxia (120 h) (P Ͻ 0.01).
The level of IL-4 showed an increase at 120 h in formula-fed and formula-fed-hypoxic rat intestines compared with dam-fed controls, and there were no significant differences between the two groups. Hypoxia treatment of dam-fed animals did not increase IL-4 production.
DISCUSSION
NEC as a major pediatric problem. NEC is the leading cause of death and long-term disability from gastrointestinal disease in preterm infants (28) . NEC is also most challenging to treat, because the mechanisms leading to the development of NEC are incompletely understood. A longstanding observation is that NEC is an acute inflammatory disease. Currently, different animal models for NEC have corroborated the finding that changes of inflammatory mediator levels are associated with evidence of histological injury in NEC. However, it is unknown whether intestinal immune activation precedes tissue injury. In this study, we investigated the expression profile of Toll-like receptors and the intestinal production of cytokines Fig. 4 . Expression of TLR2, TLR4, and TLR6 proteins in the ileum. Tissue lysates were prepared for Western blot analysis and 50 g of total protein were loaded and immunoblotted with anti-TLR2, TLR4, and TLR6 antibodies, with ␤-actin as a loading control. Top: a typical blot; numbers represent number of animals examined in each group. Bottom: relative densitometric values are means Ϯ SE. N ϭ 6 for each groups. All groups compared with dam-fed control: **P Ͻ 0.01. Formula-fed-hypoxic compared with formula-fed group: #P Ͻ 0.05, ##P Ͻ 0.01. Significantly increased relative intensities of TLR2, TLR4, and TLR6 protein were shown in NEC rats compared with either dam-fed or formula-fed controls.
during the evolution of inflammation using an established neonatal rat model.
New findings arising from this study are the following: 1) NEC heightens intestinal tissue expression of TLRs 1-7 and 9, and NEC alters the localization of expression. 2) Cow milk formula feeding but not hypoxia by itself is also a proinflammatory stimulus, although formula feeding has a lesser effect on general TLR expression. 3) Changes in TLRs and cytokines (both proand anti-inflammatory) precede evidence of histological injury.
Advantages and disadvantages of the animal model. Our animal model was derived from the extensive work of Ford and colleagues (21, 31) and included the key components: maternal separation, deprivation of optimal enteral nutrition, and artificial feeding with cow milk formula. Our data shows that a hypoxic insult to the breast feeding rat pup did not produce intestinal histological abnormalities. Neither did we identify NEC histological abnormalities in formula-fed animals, although tissue produced abundant cytokines and the villi were shorter than those of dam-fed animals, with a vacuolated morphology. The typical NEC histological abnormalities were observed only in the rat pups after 3 days of formula feeding in combination with hypoxia.
Human NEC usually affects only very low birth weight infants. Also, virtually all human babies that develop NEC are administered parenteral nutrition; however, it was not feasible for us to provide rat pups parenteral nutrition. A potential criticism of this model is that the rat pups were not prematurely delivered. The full-term newborn rat models can be used because the rodent intestine is less developed at birth than the human. In fact, enzyme and villus morphology studies suggested that the preterm infant's gut is developed to about the same extent as a postterm rat pup Ͻ 2 wk (before weaning) (16, 33) . So the model we fed is representative of the premature human intestine.
The data from previous studies in the same experimental NEC model in formula-fed rats (31) showing that formula-fed rat pups with or without hypoxia lost weight over the study period and displayed morphological changes in the intestinal epithelium. Breast-fed rats nearly doubled their birth weights and showed preservation of the intestinal architecture. We also observed weight loss in formula-fed groups over the study period (data not shown). This may be because the total volume of formula fed to these neonatal rats by gavage was less than that received by breast-fed rats when they stayed with their dams; thus we cannot rule out the development of intestinal inflammation or experimental NEC in rats as a consequence of malnutrition. Although we cannot compare the nutrient intake between dam-fed with formula-fed pups, we can calculate how many calories and whether the calories we gave to rat pups provided their needs. The maintenance energy requirement (MER) for newborn rat pups is ϳ130 kcal⅐kg Ϫ1 ⅐day Ϫ1 , whereas the growth energy requirement should be three times higher than MER. The formula we used contains 15 g of Similac (70 kcal) and 75 ml of Esbilac (61.5 kcal), which gives a total in the mixture of 131.5 kcal/75 ml ϭ 1.75 kcal/ml. Each rat pup needs ϳ0.8 ml/day of this formula to reach the MER. We gave rat pups 0.2 ml ϫ 3 daily, an amount lower than the MER. Previous studies have reported that malnutrition alone does not cause gut-barrier failure (12, 34) . Furthermore, malnutrition produces a severe reduction in the number of gutassociated lymphocytes and Peyer's patches (23) , as opposed to inflammation. Several intrinsic factors within breast milk may change gut barrier function and prevent the development of inflammatory changes in the epithelium (13, 14) . Thus the combination of malnutrition, elimination of protective breast milk factors, formula feeding, and hypoxia may render the neonatal rat more susceptible to gut barrier disruption and subsequently to NEC.
TLR signaling in NEC. TLRs are one of the main contributors to pathogen-induced inflammation and ischemia-induced inflammation (2) . Previous studies demonstrated that bacteria and TLR4 play significant roles in experimental NEC. Intestinal TLR4 mRNA increased in formula feeding and cold asphyxia stress, correlating with induced inducible nitric oxide (NO) synthase and increased inflammatory cytokine production (24) , which occurred in the intestinal epithelium but not in the submucosa. TLR4-mutant C3H/HeJ mice were protected from the development of NEC compared with wild-type C3H/ HeJ mice (26) . Recent studies found that there was an overexpression of TLR2 and TLR4 in intestinal epithelial cells (IECs) that was correlated with the severity of mucosal damage, together with an increase of apoptotic IECs and markedly . Arrows indicate crypt region. Magnification is ϫ200. TLR2 and TLR6 were primarily identified in the crypt enterocytes of dam-fed, dam-fed-hypoxic, and formula-fed rats, whereas enterocytes were highly immunoreactive in both crypt and villi regions of NEC ileum. Fig. 6 . Cytokine production by normal, hypoxic, formula-fed, and NEC ileal tissues. Cytokines in ileal tissue lysates at 24, 48, 72, and 120 h exposure to formula feeding and/or hypoxia were assayed by using a MSD rat 7-spot plate (see MATERIALS All groups compared with dam-fed control: *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. Formula-fed-hypoxic group compared with formula-fed group: #P Ͻ 0.05, ##P Ͻ 0.01. Th1 and Th2 cytokines were produced in the intestines of both formula-fed and formula-fed-hypoxic rats at 48 h. Note that IL-1␤ (Th1) and IL-13 (Th2) were significantly increased in NEC compared with formula-fed controls. impaired proliferation (25) . Some studies indicated that TLR2 may provide protective signaling. Evidence was that C57BL/6 TLR2-deficient mice, compared with wild-type mice, have a dysregulated mucosal innate immune response and fail to mount a protective response after ischemia-reperfusion injury (1) . TLR2 stimulation in intestinal epithelial cells effectively preserves tight junction (TJ)-associated barrier assembly against stress-induced damage, and inflammatory stress in mice deficient of TLR2 induced early TJ-associated disruption (8) . Our studies demonstrated a profound impact of NEC on an array of TLR mRNAs and proteins within the intestinal epithelium, including TLR1, TLR2, TLR3, TLR4, TLR6, TLR7, and TLR9. In addition, these immunological alterations appeared before severe mucosal damage.
The upregulation of differential TLRs at an early stage may serve to protect the intestinal barrier. Fusunyan et al. (18) showed that TLR2 and TLR4 are expressed constitutively on human fetal small intestinal enterocytes, predominantly on the basolateral surface of crypt enterocytes. Our immunofluorescent staining showed that both TLR2 and TLR6 stained with a stronger intensity in the crypt region rather than in the villus tips in intestinal tissues from dam-fed rats with or without hypoxia and formula-fed rats. However, in NEC, the most striking feature was more general immunostaining pattern, with prominent expression of TLR2 and TLR 6 in the villi and the crypts.
One major effect of NEC in the present studies was the marked suppression of TLR5 mRNA expression in formulahypoxic rats. TLR5 is known to protect the intestine from a variety of microbes via its interaction with flagellin (36) . Ligation of TLR5 on the enterocyte basolateral membrane to flagellin of pathogens such as Salmonella typhimurium leads to interleukin-1 receptor kinase 4 activation and subsequent MAPK signaling, NF-B activation, and chemokine and NO production (36) . Knockout of TLR5 results in spontaneous colitis, but only if the host is colonized by commensal flora (37) . Exposure of cultured intestinal cells to ligands for TLR5, TLR2, and TLR4 results in cross talk that is complex (35) . For example, exposure of cells to flagellin results in upregulation of TLR2 and TLR4 mRNA expression and concomitant sensitization of the cells for subsequent TLR2 activation (by Pam 3 CSK 4 , a TLR2 agonist) and TLR4 activation (by LPS, a TLR4 agonist). However, exposure of cells to either Pam 3 CSK 4 or LPS results in downregulation of TLR5 mRNA expression and attenuated subsequent flagellin-mediated NF-B activation (35) . It is possible that there is "biologic logic" underlying the downregulation of the flagellin receptor to reduce inflammation when the newborn intestine is developing inflammation. The newborn does encounter flagellated bacteria early in life, for example certain types of lactobacilli (22) and flagellated pathogens such as Listeria monocytogenes (20) .
Inflammation response in experimental NEC. In various models of inflammation, the activation of TLRs and subsequent signaling events eventually results in secretion of a number of downstream products, especially cytokines and chemokines. The increased expression of TLRs in the intestinal tissues during experimental NEC activated downstream NF-B pathway (11, 25) and cytokine production. In our study, we found that both Th1 class (generally proinflammatory) cytokines (IL-1␤, IFN-␥, KC/ GRO, and TNF-␣) and Th2 class (generally anti-inflammatory) cytokines (IL-4, IL-5, and IL-13) increased at as early as 48 h after formula feeding alone or formula feeding in combination with hypoxia, at a time when no typical NEC histological abnormalities were observed. Among the cytokines measured at the protein level, IL-1␤ (Th1) and IL-13 (Th2) were increased to a greater extent in formula-fed-hypoxic rat intestine compared with formula-fed intestine
The concept that cow milk-derived proteins participate in augmenting the cytokine response of peripheral blood lymphocytes is supported by previous studies implicating ␤-lactoglobulin and casein as contributors to human NEC (10) . Several of the cytokines stimulated by milk proteins in NEC patients' lymphocytes were found to be elevated in the ileal tissue in association with cow milk formula feeding (without hypoxia) in the present study. These included IFN-␥, IL-4, and IL-5. Current evidence in neonatal models points to the role of activated inflammatory mediators and an inadequate anti-inflammatory response to the breakdown of mucosal integrity, which may represent the final common pathway in NEC (29) . However, a study using immature fetal and mature cell lines and organ culture techniques previously showed that the fetal (immature) human enterocytes react with excessive proinflammatory cytokine production (32) . Our present study demonstrated that both Th1 and Th2 cytokines are elaborated in NEC, and they appear to be increased in parallel in terms of time points. Because the neonatal intestine is unlikely to have memory T cells, the Th1 and Th2 responses we observed could reflect activation of cytokine production by the intestinal epithelial cells in vivo.
Summary. TLRs that are crucial in maintaining intestinal epithelial homeostasis participate in a vigorous signaling process and a heightened inflammatory cytokine output that may contribute to the pathogenesis of NEC. Cow milk formula feeding, by eliciting the elaboration of many cytokines in the mucosa, emerges as a very important initiating factor in this process. The upregulation of TLRs and cytokine expression in the ileum precedes the onset of NEC by at least 48 h. Thus our work furthers the understanding of the pathogenesis of NEC and may facilitate the development of therapeutic approaches for early intervention in this disease. For example, feeding an amino acid formula or a formula with added probiotic organisms with anti-inflammatory characteristics may have preventative effects in this often lethal disease.
